AlSb is grown by molecular beam epitaxy. The evolution and the relaxation of the deposited AlSb layer is investigated by synchrotron-based in situ grazing incidence x-ray diffraction (GID), and the analysis of the real space distribution is performed by atomic force microscopy. AlSb forms islands with (111)A polarity and {110} surface orientations with different side facets following the Volmer-Weber growth mode. GID investigations reveal facet rods originating from AlSb{110} islands. It is shown that a concentration of only 0.7% AlSb{110} oriented domains influences the diffraction pattern in such a way that additional crystal truncation rods parallel to the surface appear. AlSb has been widely used as a buffer layer material for the growth of InSb and GaSb on Si, GaAs, and GaP. [1] [2] [3] [4] [5] Due to the shorter diffusion length of Al, compared to Ga and In, a closed AlSb layer can be achieved at an earlier stage of growth. [6] [7] [8] The crystal structure of AlSb is zincblende with a lattice constant of 6.136 Å . 9 However, due to the huge lattice mismatch of about 13% between AlSb and Si, threedimensional (3D) island growth is expected.
The formation of 3D AlSb islands can be used for defect reduction during heteroepitaxial growth. Such an interface layer can terminate threading dislocations and acts as a socalled blocking layer. 3 In a previous publication, the growth of such 3D structures was investigated ex situ for GaSb grown at elevated substrate temperatures in the range between 330 and 400 C on Si(111). 10 The present work focuses on the high temperature growth of AlSb on Si(111) and its characterization by in situ x-ray diffraction (XRD) in order to study the formation of 3D AlSb islands and their relaxation. Such 3D AlSb islands can be used as a template for subsequent heteroepitaxial growth of InSb and GaSb on Si(111).
The growth of the AlSb layer on Si(111) is performed by molecular beam epitaxy (MBE). The MBE chamber is located at the Paul-Drude-Institute beamline U125/2-KMC at the BESSYII synchrotron (Helmholtz Center for Materials and Energy, Berlin). 11 The chamber is mounted on a Huber (4 þ 2) six-circle diffractometer described elsewhere. [12] [13] [14] Our experimental setup allows us to study the growth from the very beginning with synchrotron-based in situ highresolution XRD under grazing incidence (GID). A photon energy of E ¼ 10 keV is selected by a double crystal Si(111) monochromator for the incoming x-ray beam with a diameter of (300 Â 500) lm and an energy resolution DE=E of about 10 À4 . In order to probe the entire film, the substrate and in particular the interface between the AlSb film and the Si substrate, an incidence angle of 0:3 is selected for all in situ GID measurements, which is above the critical angle of AlSb.
During growth, the pressure in the ultra high vacuum (UHV) chamber stays 10 À9 mbar. A cold lip effusion cell is used to evaporate Al and a hot lip (non-cracking) effusion cell is used for Sb evaporation. The calibration procedures of the Sb flux and the substrate temperature are described elsewhere. 10, 15 As demonstrated by Neave et al. 7, 16 on GaAs and by Sakamoto et al. 17 on Si, we have calibrated the Al flux from growth oscillations in reflection high-energy electron diffraction (RHEED) during the nearly lattice matched epitaxy of AlSb on GaSb(111).
The as-bought Si(111) substrates are covered by a 100 nm thick thermal SiO 2 film. Previously, it was shown that it is sufficient to apply a single 5 min 5% hydrogen fluoride (HF) dip to remove the SiO 2 .
10 Immediately after this chemical etch, the substrate is transferred into the growth chamber. A final annealing step at 700 C for 30 min yields a flat Si(111) surface with a well pronounced (7 Â 7) reconstruction as confirmed by RHEED.
Following this annealing, the substrate is cooled down to the growth temperature (T S ¼ 450 C). The epitaxial process is continuously followed in situ by XRD. Immediately before the growth, an in-plane reference profile is measured along the Si½ 1 12 in-plane direction as depicted by the reference curve labeled "Si (111) (2013) reconstruction. 18 After the deposition of nominally 1/3 ML AlSb, an AlSb CTR suddenly appears at the nominal bulk position of q ½ 1 12 ¼ 1:68Å
À1 . This CTR tail corresponds to an AlSb(111) oriented crystal, which is the same orientation as the Si (111) At the end of the in situ XRD experiment, the substrate is cooled down to room temperature. During the cooling procedure, the Sb shutter is kept open to avoid desorption of the deposited AlSb film. The shutter is finally closed at T S ¼ 250 C when no more desorption is expected. At room temperature and in the same growth chamber, an extended two-dimensional (2D) reciprocal space map measured at L ¼ 0.1 produces the features shown in Fig. 2 . L denotes the out-of-plane reciprocal Miller index, which is the growth direction and the reference direction for the crystallite orientation. Most features in this map are located along the high symmetry in-plane directions h112i. The reflections labeled in round brackets "( )" are due to the AlSb(111) oriented crystallites, whereas those in curly brackets "{}" are due to AlSb{110} oriented crystallites.
The In case of InAs, a polarity control was reported for the growth on In-and As-terminated Si(111) surfaces to achieve a (111)A and B polarity, respectively. 19 For the growth of GaSb on Si(111), we have found a (111)B oriented film on Sb-terminated Si(111). 10 The AlSb growth is also performed on Sb-terminated Si(111) and results in a (111)A polarity. This difference (between InAs, GaSb and AlSb) is probably related to different interdiffusion of In, Ga, and Sb. [20] [21] [22] Aluminium may not interdiffuse to the silicon surface, so that the Sb-Si interface is not affected, and subsequently growing islands are of AlSb (111) oriented crystals dominate, whereas only a small amount of about 0.7% of AlSb{110} domains is present in the film. It is interesting to note that this sub-percentage fraction is responsible for all features labeled in curly brackets in the GID map of Fig. 2 . In order to study the real space surface of the AlSb layer, an atomic force micrograph (AFM) was taken of the final deposited film. The results are shown in Fig. 4 . The AFM scan of Fig. 4(a) shows a relatively large area of (20 Â 20) lm 2 . From the zoom of Fig. 4(b) , one can clearly see islands with triangular and hexagonal base and lateral sizes varying between 20 nm and 500 nm, all having a very similar height of around 30 nm. A few islands (Fig. 4) have a height of 50 nm, which may be due to an excess of Al forming liquid Al droplets on top of the islands during the growth. These could act as a catalyst for the further AlSb growth. 23 To discuss the growth mode of AlSb on Si(111), the inplane profiles of Fig. 1 are taken. They show that the AlSb(111) CTR appears at its bulk value at a nominal layer thickness of 1/3 ML. This proves that the AlSb layer is already fully relaxed in close agreement with the critical thickness predicted by Matthews-Blakeslee theory. 24 A submonolayer thickness of only 33% contradicts a closed layer. Therefore, the appearance of an AlSb CTR indicates local islanding with minimum height of at least one monolayer separated by uncovered substrate regions. These findings clearly indicate a Volmer-Weber growth mode for AlSb on Si(111), which does not start with the formation of a wetting layer, but with the immediate formation of islands.
For a detailed analysis of the origin of the features F1 and F2, the 2D reciprocal space map (Fig. 2) provides valuable clues. In the magnified inset of Fig. 2 , all reflections and intensities are labeled with small circles on the red line. F1 is surrounded by two AlSb{111} reflections. Each XRD in situ line scan of Fig. 1 intersects the shoulders of both AlSb{111} contributions. The peak maximum of F2 is located on the line scan (red line Fig. 2 ) and can be attributed to an AlSb{200} reflection. This and all other reflections in Fig. 2 are indexed and shown to be caused by two types of differently oriented AlSb crystallites with a surface orientation of (111) and {110}. An evaluation of the full width at half maximum of reflections of (111) and {110} oriented crystallites reveals a lateral size of approximately 150 nm and 30 nm, respectively. Furthermore, our experiments show that the features F1 and F2 appear at different layer thicknesses, which can be explained by the different structure factors of the AlSb{111} reflection (F1) and the quasiforbidden AlSb{200} reflection (F2).
The reciprocal space map of Fig. 2 shows linear intensity distributions along the h112i in-plane directions. Similar to the formation of crystal truncation rods caused by the substrate crystal surface, island facets may also generate intensity modulations normal to their facets, so-called facet rods. All reflections which are located on these facet rods are indexed with respect to AlSb{110} planes. On the other hand, the contributions by AlSb(111) oriented domains are not located on these facet rods. The origin of these rods are facets that develop perpendicular to the substrate surface. The AFM of Fig. 4 confirms this finding and shows hexagonally and triangularly shaped islands with steep 90 side facets. The shape of those islands in real space transforms in reciprocal space into the mentioned facet rods oriented along the h112i in-plane directions. It is noteworthy that a synchrotron-based experiment yields such a pronounced diffraction pattern, which is caused by a sub-percentage concentration (0.7%) of a nominal 52 ML thick layer.
In conclusion, the growth of AlSb on Si(111) at T S ¼ 450 C is investigated by in situ XRD under grazing incidence from the very beginning of growth. The formation of large 3D AlSb islands with a (111)A polarity during VolmerWeber growth is observed. It is found that AlSb on Si(111) is fully relaxed at a nominal layer thickness of 1/3 ML. Moreover, 90 side facets and AlSb{110} domains with a concentration of only 0.7% contribute to the x-ray diffraction pattern with additional reflections and crystal truncation rods. The knowledge of these diffraction patterns may help to understand further growth experiments and will be used as a basis for future XRD characterization of similar heteroepitaxial systems on Si(111).
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